We present and analyse light curves of four transits of the Southern hemisphere extrasolar planetary system WASP-4, obtained with a telescope defocussed so the radius of each point spread function was 17 ′′ (44 pixels). This approach minimises both random and systematic errors, allowing us to achieve scatters of between 0.60 and 0.88 mmag per observation over complete transit events. The light curves are augmented by published observations and analysed using the jktebop code. The results of this process are combined with theoretical stellar model predictions to derive the physical properties of the WASP-4 system. We find that the mass and radius of the planet are M b = 1.289 
INTRODUCTION
The discovery of the first extrasolar planet (Mayor & Queloz 1995) heralded the arrival of a new field of astronomical research: the investigation of how planets form and evolve. To date over 350 extrasolar planets have been discovered, most through the radial velocity motion of their parent stars. The resulting sample is statistically valuable, but only limited information can be extracted for individual objects. The existence of transiting extrasolar planets (TEPs) provides the solution to this problem, as for these objects it is possible to determine their masses, radii and temperatures, and hence surface gravities, densities and to some extent chemical compositions. At present about fifty TEPs are known, but the discovery rate is increasing fast.
Our ability to determine the physical properties of a TEP is very dependent on the quality of the available observational data. Southworth (2008 presented an exhaustive study of fourteen TEPs, to provide an homogeneously measured set of physical properties which can form the basis of statistical studies of these objects. This work highlighted the fact that measurements of the properties of TEPs depend critically on the quality of their transit light curves. The limiting factor for such observations is that the transits are very shallow (only a few percent of the star's light is lost) so it is only possible to measure transit shapes well if observational errors are very low.
In Paper I ) we investigated telescope defocussing as a way to minimise the random and particularly the systematic errors which afflict astronomical time-series photometry. This technique has a long history but has only very recently been regularly applied to chargecoupled device (CCD) observations (see references in Paper I). The most important advantage is that flat-fielding errors decrease according to the square-root of the number of pixels in a point spread function (PSF), so the effects of flat-fielding can be lowered by orders of magnitude compared to focussed observations. Changes in atmospheric seeing and telescope pointing affect photometry through flatfielding errors, so are similarly diminished. Another benefit is that longer exposure times are possible without saturating the CCD, which can thus be read out less often. The main downside is that more background light is collected, but for many situations this is unimportant. The signal-tonoise calculations presented in Paper I show that the optimum defocus, in the sense of achieving the best signal to noise per unit time, is surprisingly large and can lead to exposure times of many hundreds of seconds even during periods of high sky brightness. The limiting factor is actually the need to adequately sample the temporal variation of transit events.
In this work we present defocussed photometric observations of four transits of the Southern TEP WASP-4, which was discovered by the SuperWASP collaboration (Wilson et al. 2008) . This object has since been studied by Gillon et al. (2009) , who used the Very Large Telescope (VLT) to observe one transit, and Winn et al. (2009) , who measured two transits with the Magellan Baade telescope. These two studies both used defocussing to improve their photometric precision, and the larger telescope apertures (8.2 and 6.5 m) also allowed a relatively high observing cadence. Our observations used a 1.5 m telescope, have a photometric precision comparable to those of Gillon et al. (2009) and Winn et al. (2009) , and cover more transit events but at a lower sampling rate. In this work we will analyse these three sets of transit observations, plus those obtained by Wilson et al. (2008) using the 1.2 m Euler telescope. Our methods are identical to those used by Southworth (2008 , so are fully homogeneous with the physical properties of fourteen TEPs determined in these works. 
OBSERVATIONS AND DATA REDUCTION
We observed four transits of WASP-4 using the 1.54 m Danish 1 Telescope at ESO La Silla and the DFOSC focalreducing imager. This setup yielded a full field of view of 13.7 ′ ×13.7 ′ and a plate scale of 0.39 ′′ pixel −1 . The CCD was windowed down to 1200×1000 pixels to decrease the readout time from approximately 90 s to 30 s. An observing log is given in Table 1 . All observations were done through the Cousins R filter, using exposure times of 120 s. The amount of defocussing was adjusted until the peak counts per pixel from WASP-4 were roughly 25 000 above the sky background, resulting in a doughnut-shaped PSF with a diameter of about 44 pixels (17 ′′ ). The pointing of the telescope was maintained using autoguiding, and we did not change the amount of defocussing during an observing sequence. An example PSF is shown in Fig. 1 .
Several images were also taken with the telescope properly focussed, and were used to verify that there were no faint stars within the defocussed PSF of WASP-4 which might dilute the transit depth. We found that the closest detectable star is much fainter and at a distance of 31 ′′ (78 pixels), so the edge of its PSF is separated from that of WASP-4 by 34 pixels in our defocussed images. The closest star of similar to or greater brightness than WASP-4 lies 80 ′′ away. We conclude that no stars interfere with the PSF of WASP-4.
Data reduction was performed in the same way as in Paper I, so we only give a summary here. We used a custom pipeline written in the idl 2 programming language and using the daophot package (Stetson 1987) Figure 2 . Final light curves of WASP-4 from our four nights of observations. The error bars have been scaled to give χ 2 ν = 1.0 for each night, and are mostly smaller than the symbol sizes.
of the astrolib 3 library). Apertures were placed by eye then fixed throughout each observing sequence. The aperture which gave the most precise photometry was of radius 26 pixels, with a sky annulus of 33-50 pixels; the shape of the light curve is not sensitive to the aperture sizes.
Five comparison stars were measured on each image, and subsequently checked for short-period variability. Many differential-magnitude light curves were calculated for 3 The astrolib subroutine library is distributed by NASA. For further details see http://idlastro.gsfc.nasa.gov/ . WASP-4 and between comparison stars. Slow variations in brightness were observed for almost all of these, and are attributable to atmospheric effects. We therefore defined time intervals outside transit events and fitted straight lines to the magnitudes to rectify the light curve shape. Simultaneously with this procedure, the comparison stars were combined into a weighted ensemble which produced the final light curve with the least scatter in the intervals outside transit. We found that including flat-field corrections provided only a slight improvement in every case, as the telescope pointing was good, and that accounting for the CCD bias had a negligible effect. We have applied bias and flatfield corrections to generate our final light curves, which are shown in Fig. 2 and reproduced in Table 2 . The scatter in the final light curves varies from 0.60 to 0.88 mmag, and the most precise data were obtained in dark time when the sky background was low.
LIGHT CURVE ANALYSIS

Period determination
The first step in defining the physical properties of the WASP-4 system is an accurate orbital ephemeris. We have obtained individual times of mid-transit by analysing the data from our four nights separately, using the jktebop code and Monte Carlo simulations (see below). These have been supplemented by the two transit timings given by Winn et al. (2009) and the five listed by Gillon et al. (2009) found from their 'prayer-bead' analysis. We have assigned cycle numbers to the times of minimum light, taking as reference epoch the midpoint of our first transit (which by coincidence is the same transit event as the first one observed by Winn et al. 2009 ), and fitted a straight line to the transit timings. We find an orbital ephemeris of T0 = HJD 2 454 697.797488(31) + 1.33823150(61) × E where E is the number of orbital cycles after the reference epoch and quantities in parentheses denote the uncertainty in the final digit of the preceding number. The reduced χ 2 of the fit is χ 2 ν = 1.35, which suggests the possibility that the orbital period is not constant. The transit timings are collected in Table 3 along with the residuals of the straightline fit, which plotted in Fig. 3 .
In the course of measuring the times of minimum light given by our data, we found that the absolute sizes of the observational error bars delivered by our pipeline (which originate from the aper algorithm) are not reliable. We have rescaled the error bars by multiplying them by χ 2 ν to give χ 2 ν = 1.0 (Bruntt et al. 2006; Southworth et al. 2007a ), treating each night individually.
Light curve modelling
We have analysed the light curves using an identical approach to that discussed in detail by Southworth (2008) . We therefore retain homogeneity with the fourteen TEPs analysed in that work, as well as with our study of WASP-5 (Paper I). The light curves were modelled using the jktebop 4 code (Southworth et al. 2004a,b) , which is based on the ebop program originally developed for eclipsing binary star systems (Popper & Etzel 1981; Etzel 1981; Nelson & Davis 1972) . This simulates the two components using biaxial spheroids, so allows departures from sphericity. The parameter which governs the shapes of the components is the mass ratio; we have adopted the value 0.0013 and find that even large changes have a negligible effect on the solution.
The main results from the light curve analysis are the best-fitting orbital inclination, i, and fractional radii of the star and planet, rA = , where RA and R b are the absolute radii of the components and a is the orbital Figure 4 . Phased light curves of WASP-4, compared to the best fits found using jktebop and the quadratic LD law with both LD coefficients included as fitted parameters. Top is from the Danish telescope (this work); second is from the Euler telescope (Wilson et al. 2008) ; third from the VLT (Gillon et al. 2009 ); last is from Magellan ). The residuals of the fits are plotted at the bottom of the figure, offset from zero.
semimajor axis. rA and r b are actually parameterised as their sum and ratio, (rA+r b ) and k = r A r b , because these two quantities are only weakly correlated for a wide variety of transiting planet and other eclipsing binary systems.
We included the limb darkening (LD) of the star using five different LD laws (see Southworth 2008 for their definition) with the coefficients of these laws either fixed at theoretically predicted values, included as fitted parameters, or perturbed around theoretical values. The theoretical coefficients were obtained by bilinear interpolation in the tabulations of Van Hamme (1993), Claret (2000 Claret ( , 2004a and Claret & Hauschildt (2003) .
The uncertainties of the fitted parameters were assessed using 1000 Monte Carlo simulations for each solution (Southworth et al. 2004c (Southworth et al. , 2005b ). We have also tested for correlated ('red') noise using the residual-permutation method (Jenkins et al. 2002) , finding a small but significant amount which is probably of instrumental origin. However, it is possible that it is caused by spots on the sur- face of the parent star, based on the shapes of our transit light curves at HJDs 2454701.79 and 2454732.61 (Fig. 2) . The other two transits, one of which was also observed by Winn et al. (2009) , are seemingly unaffected.
At the request of the referee we have calculated the parameter β, a measure of the systematic noise contribution (Winn et al. 2007; Gillon et al. 2006; Winn et al. 2008 ), for comparison with other works. We evaluated β values for individual transits and for groups of between two and ten datapoints. The average values of β over these groups are 1.03, 1.40, 1.41 and 1.14 for our four observing sequences. We emphasise that we do not use these numbers in our analysis, but account for systematics using the residual permutation approach instead.
The final light curve fits consist of sets of best-fitting parameter values with Monte Carlo uncertainties, for each LD law and for different combinations of fixed/perturbed/fitted LD coefficients. In each case the linear coefficient is represented by uA and the nonlinear coefficient by vA. The solutions for all LD coefficients fixed are given in Table 4 , and for all LD coefficients fitted in Table 5 . The latter solutions are clearly better, indicating that the theoretical LD coefficients are not a perfect match to the data. We therefore adopt these solutions, with uncertainties which have been increased to account for the correlated noise discussed in the previous paragraph. A fit to the data is shown in Fig. 4 , for which the rms of the residuals is 0.85 mmag.
In order to maximise the accuracy of the final results, we have also analysed the data obtained by Gillon et al. (2009 , and the Euler Telescope data presented by Wilson et al. (2008) . The full sets of solutions of all four light curves are given in the Appendix 5 (Tables A1, A2 , A3 and A4). In each case we adopted the results for both LD coefficients fitted, and performed Monte Carlo and residual permutation analyses to obtain the final errors. The best fits are shown in Fig. 4 and the final parameters for each light curve are collected in Table 6 . Also in Table 6 are the final photometric parameters, obtained by averaging our four sets of results for the individual datasets. We found that the χ 2 ν values for these averages are generally noticeably greater than unity (between 1.1 and 5 The Appendix is available only in the electronic version of this work.
2.3), which suggests that there is additional uncertainty not picked up by our random or systematic error analyses. The error bars in our final photometric parameters have been increased to account for this additional uncertainty. The situation for WASP-4 echoes that for HD 189733 and HD 209458 (Southworth 2008 ) and should probably be attributed to the effects of starspots. One corollary of this phenomenon is that a detailed study of a TEP cannot rest on high-precision photometry of only a single transit: the additional uncertainty may then exist but not be detectable.
THE PHYSICAL PROPERTIES OF WASP-4
The parameters determined from the light curve analysis are not enough in themselves to calculate the physical properties of the components of the WASP-4 system, so additional constraints must be sought from other types of observations and also from theoretical models of stellar evolution. The observational constraints are the velocity amplitude of the parent star, KA = 247.6 +13.9 −6.8 m s −1 , plus its spectroscopically-derived effective temperature and surface metal abundance, T eff = 5500 ± 100 K and M H = −0.03 ± 0.09 dex (Gillon et al. 2009 ). For theoretical constraints we use tabulations from the Claret (Claret 2004b (Claret , 2005 (Claret , 2006 (Claret , 2007 , Y 2 (Demarque et al. 2004) and Padova (Girardi et al. 2000) models.
Our approach follows that of : the above input quantities are specified and the (unknown) velocity amplitude of the planet is freely adjusted to find the best match between the properties of the star and the predictions of one of the sets of theoretical models. The process is repeated many times whilst varying each input quantity by its 1σ uncertainty, building up a complete picture of the solution and its random-error budget (Southworth et al. 2005a ). There is a clear theoretical dependence arising from the use of stellar models in this procedure, and a lower limit on the resulting systematic errors are inferred by comparison between the results for the three different sets of theoretical predictions. This is only a lower limit because independent models have some physical ingredients in common, for example opacity tables. As an external check we ignore the stellar models and instead force the star to match an empirical mass-radius relation, constructed by from well-studied eclipsing binary star systems. There is one output parameter which has no dependence on the massradius relation or theoretical predictions: the surface gravity of the planet (Southworth et al. 2004c (Southworth et al. , 2007b . Table 7 shows the results of the above process for WASP-4, taking the light curve parameters from Section 3 and the KA, T eff and M H from Gillon et al. (2009) . The variations between results for different sets of stellar models are most important for a and MA, but for all parameters the systematics are similar to or smaller than the random errors. The results found using the mass-radius relation differ by a similar amount to the systematic errors, being in general smaller. This probably sets an upper limit on the systematic errors in the properties of WASP-4, but further work is still necessary to illuminate the reasons why theoretical models persistently underestimate the radii of lowmass stars (Clausen 1998; Torres & Ribas 2002; Ribas et al. 2008) . The Y 2 models yield the most precise of the age estimates, due to the smooth evolution through the main sequence predicted by these models, but the age of WASP-4 remains poorly constrained.
In Table 8 we give the final physical properties of the WASP-4 system, including both random and systematic error estimates for all parameters, and compare these to those found by other studies. The agreement is in general very acceptable, even though the error bars are small. WASP-4 therefore joins the relatively small group of best-understood TEPs, helped by the large amount of high-quality photometric data available for it. The error budgets we find for its physical properties indicate that an improved value for the velocity amplitude of its parent star would be useful, plus an improved understanding of the stellar T eff and M H and the systematic errors inherent in the effective temperature scale of low-mass stars.
SUMMARY AND CONCLUSIONS
Transiting extrasolar planets (TEPs) are vital as our primary source of the physical properties of gas giant planets. The precision with which we can determine the masses and radii of these objects is critically dependent on the observational data we can obtain for them, in particular the quality of the light curves of transit events. Defocussing your telescope allows a much better control of systematic effects, many of which arise through pixel sensitivity variations, and also lowers the amount of observing time lost to CCD readout. Telescope defocussing is rapidly becoming a standard method for observing TEPs, and in this work we have presented defocussed observations of four transits of the WASP-4 system.
We analysed these transit light curves in order to define Table 7 . Physical properties for WASP-4, derived using either an empirical stellar mass-radius relation or the predictions of different sets of stellar evolutionary models. Mass, radius, surface gravity and density are denoted by M , R, log g and ρ, respectively, subscripted with an 'A' for the star and a 'b' for the planet. the photometric parameters for WASP-4 (rA, r b , i and period), with careful attention paid to the incorporation of stellar limb darkening and to the assessment of random and systematic errors. Three other sets of high-quality light curves (precision better than 2 mmag per observation) exist in the literature (Wilson et al. 2008; Gillon et al. 2009; Winn et al. 2009 ), which we have modelled in the same way. Combining these analyses with our own maximises the quality of the final results and minimises the possibility of systematic errors caused by starspots or instrumental effects. The photometric parameters were then added to the observed stellar velocity amplitude, effective temperature and metal abundance in order to determine the physical properties of the star and planet in the WASP-4 system. We undertook this step using additional constraints from theoretical stellar evolutionary models, and assessed the resulting systematic error by comparing results obtained using different sets of models.
Mass-radius
We find that WASP-4 b has a mass of . Its equilibrium temperature is Teq = 1662 ± 46 K. WASP-4 b therefore fits in well with the trends for short-period planets to have relatively large masses (Mazeh et al. 2005 ) and surface gravities (Southworth et al. 2007b ). Theoretical models of coreless irradiated gas giant planets (Bodenheimer et al. 2003; Fortney et al. 2007; Baraffe et al. 2008) give predictions of the radius of WASP-4 b ranging from roughly 1.09 to 1.17 RJup, and are therefore rejected at beyond the 5σ level. Models with a heavy-element core propose smaller radii and are therefore even more discrepant. However, alternative models including an ad hoc additional kinetic heating source (Bodenheimer et al. 2003) can satisfactorily explain the properties of WASP-4 b.
The high quality of the available data for WASP-4, plus the comparative depth of the transits (3%), means the mass and radius measurements of its planet are among the most precise available, together with CoRoTExo-2 (Alonso et al. 2008) , HD 189733 (Pont et al. 2007 ), HD 209458 ), TrES-3 (Sozzetti et al. 2009 ) and WASP-10 (Johnson et al. 2009 ). Error budgets indicate that a more precise velocity amplitude for the parent star would be useful for better measuring the physical properties of WASP-4 b, but further improvement will require tackling the systematic errors which are unavoidable in the analysis of TEPs. The predictions of different sets of theoretical stellar models simply disagree for low mass stars, both between themselves and with the observed properties of low-mass eclipsing binary star systems. In the case of WASP-4, this disagreement is at the 5% level for the mass of the planet and the 8% level for the star's mass, with other properties less affected. This level of disagreement is a problem for inferring the chemical compositions of gas giant planets from their masses and radii (see Fortney et al. 2007 ). For the beststudied cases, our understanding of TEPs therefore remains limited by our lack of understanding of low-mass stars.
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